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Neutrino Mass Models: circa 2008* 
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We review recent developments in theoretical models for neutrino masses and mixing. Emphases are given to 
models based on finite group family symmetries. In particular, we describe one recent model based on SU{5), 
in which both the tri-bimaximal neutrino mixing and realistic CKM matrix are generated. We also discuss two 
models based on a non-anomalous U{1)f family symmetry in which the gauge anomalies are cancelled due to the 
presence of the right-handed neutrinos. In one of these models, the seesaw scale can be as low as a TeV; in the 
other model, which is based on SUSY 5*17(5), the U{1)f symmetry forbids Higgs-mediated proton decays. 
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1. INTRODUCTION 

The recent advent of the neutrino oscillation 
data from Super-Kamiokande has provided a solid 
evidence that neutrinos have small but non-zero 
masses. The global fit to current data from neu- 
trino oscillation experiments give the following 
best fit values and 2(t limits for the mixing pa- 
rameters [T], 



sm (^12 
sin^ 6*23 
sin^ 6*13 
Ato?2 
Ato23 



0.30 (0.25- 0.34), 
0.5 (0.38 - 0.64), 
(< 0.028), 
7.9 (7.3-8.5) eV^ 
2.2 (1.7-2.9) eV^ 



In addition, recent analyses [2] from the Bari 
group have given hints on possible non-zero value 
for 013, with 

sin^ 6*13 = 0.016 ±0.010 , 

at 1 a. Since then, the measurements of neu- 
trino oscillation parameters have entered a pre- 
cision era. In the Standard Model, due to the 
lack of right-handed neutrinos and lepton num- 
ber conservation, neutrinos are massless. To 
generate non-zero neutrino masses thus calls for 
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physics beyond the Standard Model. There have 
been many theoretical ideas proposed with an 
attempt to accommodate the experimentally ob- 
served small neutrino masses and the larger mix- 
ing angles among them. Most of the models are 
either based on grand unification combined with 
family symmetries or having family symmetries 
in the lepton sector only. Recently, it was re- 
alized that small neutrino masses can also arise 
with new physics at the TeV scale, contrary to the 
common belief that the scale of the seesaw mech- 
anism has to be high. In this talk, we review some 
of these ideas as well as the predictions of various 
existing models. For more extensive reviews, see, 
for example, Ref. [3- 

2. FINITE GROUP FAMILY SYMME- 
TRIES 

The experimental best fit values for the mixing 
parameters are very close to the values arising 
from the so-called "tri-bimaximal" mixing (TBM) 
matrix [1], 

v/273 1/V3 
C/tbm = I -yi76 1/V3 -I/V2 
1/V3 I/V2 



(1) 



which predicts 



sm t/atm,TBM 

90/ 



sin^ 6q tbm 



1/2, 
1/3, 



1 



2 



Table 1 

Charge assignments. Here the parameter to = e*'^/^. 
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Even though the predicted ^q^tbm is currently 
still allowed by the experimental data at 2a, as it 
is very close to the upper bound at the 2(7 limit, it 
may be ruled out once more precise measurements 
are made in the upcoming experiments. 

The tri-bimaximal neutrino mixing pattern can 
arise if the neutrino mass matrix has the following 
form, 



(3) 



This matrix predicts sin 2023 = 1 and 6'i3 = 0, 
while leaving the value for O12 undetermined. 
This mass matrix can arise from an underlying 
S3 [5] , I?4 [6] , or n — T symmetry 7 . A predic- 
tion for tan^ — 1/2 arises if the parameters 
are chosen such that a + b = c + d is satisfied. 

It has been pointed out that the tri-bimaximal 
mixing matrix can arise from a family symme- 
try in the lepton sector based on A4 [8\, which 
automatically gives rise to, a + b = c + d, lead- 
ing to a prediction for the solar mixing angle, 
sin^ 6*12 = 1/3. However, due to its lack of dou- 
blet representations, CKM matrix is an identity 
in most A4 models. It is hence not easy to imple- 
ment A4 as a family symmetry for both quarks 
and leptons 9^. 

2.1. A Realistic SU{5) x ('^^T Model 

In [TO^, a grand unified model based on SU(5) 
combined with the double tetrahedral group [llj , 
^''^T, was constructed, which successfully gives 
rise to near tri-bimaximal leptonic mixing as well 
as realistic CKM matrix elements for the quarks. 
The group T is the double covering group of 



A4. In addition to the 1, 1', 1" and 3 representa- 
tions that A4 has, the group '''^T also has three 
in-equivalent doublet representations, 2, 2', 2". 
This enables the (1 -t- 2) assignments, which has 
been shown to give realistic masses and mixing 
pattern in the quark sector [T^]. The charge 
assignments of various fields are summarized in 
Table [T] Due to the presence of the Z12 x Z'12 
symmetry, only nine operators are allowed in the 
model, and hence the model is very predictive, 
the total number of parameters being nine in the 
Yukawa sector for the charged fermions and the 
neutrinos. The Lagrangian of the model is given 
as follows. 



^Yuk 



TT ■ 



Ctf + C 



FF 



(4) 



1 

'A3 



1 



FF — 



XiH^H^FF^ + \2H5H5FFtj 



where is the cutoff scale at which the lepton 
number violation operator HHF F is generated, 
while A is the cutoff scale, above which the '^''■'T 
symmetry is exact. (For the VEV's of various 
scalar fields, see Ref. |10].) The parameters j/'s 
and A's are the coupling constants. 

The interactions in Cpp give the following neu- 
trino mass matrix, 



2^0 + u -^0 -fo 
-Co 2^0 w - Co 
-Co w - Co 2Co 
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and we have absorbed the Yukawa couphng con- 
stants by rescahng the VEV's. This mass matrix 
is form diagonahzable, i.e. the orthogonal 
matrix that diagonahzes it does not depend on 
the eigenvalues. Its diagonal form is, 

VjM.V, = diag(M + 3^0, u, + 3^0)7^ , (5) 

where the matrix Vu is the tri-bimaximal mixing 
matrix, Vy = ?7tbm- 

Due to the Zyi symmetry, the mass hierarchy 
arises dynamically without invoking an additional 
U(l) symmetry. The Zy^ symmetry also forbids 
Higgsino-mediated proton decays in SUSY ver- 
sion of the model. Due to the ^'^^T transformation 
property of the matter fields, the 6-quark mass 
can be generated only when the ^'^-'T symmetry 
is broken, which naturally explains the hierarchy 
between mf, and mt. The Z\2 x Z'y2 symmetry, 
to a very high order, also forbids operators that 
lead to nucleon decays. In principle, a symmetry 
smaller than Zyi x Z'-^^ would suffice in getting re- 
alistic masses and mixing pattern; however, more 
operators will be allowed and the model would 
not be as predictive. The Georgi-Jarlskog rela- 
tions for three generations are obtained. This 
inevitably requires non-vanishing mixing in the 
charged lepton sector, leading to corrections to 
the tri-bimaximal mixing pattern. The model 
predicts non- vanishing Q\z , which is related to the 
Cabibbo angle as, 

013 ~ 0c/3\/2 . (6) 

Numerically, this is close to sin 6*13 ~ 0.05 which 
may be probed by the Daya Bay reactor experi- 
ment. In addition, it gives rise to a sum rule, 

tan^ 6*0 ~ tan^ 6*0, tbm ^ cos b , (7) 

which is a consequence of the Georgi-Jarlskog re- 
lations in the quark sector (with E being the Dirac 
CP phase in the lepton sector) This deviation 
could account for the difference between the ex- 
perimental best fit value for the solar mixing an- 
gle and the value predicted by the tri-bimaximal 
mixing matrix. 

■^Such relation for the solar mixing angle is quite generic 
and was also found in a model based on the Pati-Salam 
group [13]. 



Since the three absolute neutrino mass eigen- 
values are determined by only two parameters, 
i.e. the VEVs uq ^-nd ^oi there is a sum rule that 
relates the three light masses, 

mi — m3 = 2r7i2 ■ (8) 

More generally, the three absolute masses can be 
complex, 

mi = + 3foe*' , (9) 
m2 = Wo , (10) 
m3 - -iio + 3Coe*' (11) 

with uo and ^0 being real. It then follows the sum 
rule, 

Ato| - -9^0^ + \l\ml,^ . (12) 

Given that Amg > is required in order to have 
matter effects in solar neutrino oscillation, it im- 
mediately follows from the above sum rule that 
the normal hierarchy pattern with Am^^,,^ > is 
predicted!! 

2.2. Comments on Leptogenesis 

Since the exact tri-bimaximal neutrino mixing 
pattern predicts ^13 = 0, one question that arises 
is whether leptogenesis is possible. (For a review 
on leptogenesis, see e.g. Ref. [S].) It was pointed 
out [16j that for models that predict exact TBM 
pattern for neutrino mixing from an underlying 
family symmetry without any tuning, leptogene- 
sis vanishes. This is true even when the flavor ef- 
fects are included, due to the fact that there is no 
right-handed mixing in models with exact TBM 
neutrino mixing |16j . Sufficient amount of lep- 
togenesis can be generated once corrections due 
to higher dimensional operators to the exact tri- 
bimaximal mixing pattern are included. 

In an 6*3 model [TT with Type-II seesaw mecha- 
nism in which the tri-bimaximal neutrino mixing 
is accommodated, non- vanishing leptogenesis can 
be generated and its value is related to one of the 
Majorana phase Q 

•^See, also Ref. |14| for a more general discussion on mass 
ordering. 

*In minimal left-right model with spontaneous CP vio- 
lation, all leptonic CP violations, including those in lep- 
tongenesis and neutrino oscillation, are due to a single 
phase I18| . 
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Table 2 

U{1)f charges that satisfy the anomaly cancellation conditions while giving rise to realistic fermion masses 
and mixing angles in a SUSY SU{5) model pT] , 
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3. TEV SCALE SEESAW MECHANISM 

In the conventional wisdom, the smallness of 
the neutrino masses is tied to the high scale of the 
new physics that generates neutrino masses. As 
the new physics scale is high, it is very hard, if not 
impossible, to probe such new physics at current 
collider experiments. In |19] , an alternative was 
proposed in which the small neutrino masses are 
generated with TeV scale physics. This allows the 
possibility of testing the new physics that gives 
rise to neutrino masses at the Tevatron and the 
LHC. This is achieved by augmenting the Stan- 
dard Model with a non-anomalous U{l)i, symme- 
try and N right-handed neutrinos. Due to the 
presence of the U{l)i, symmetry, neutrino masses 
can only be generated by operators with very high 
dimensionality, which in turn allows a low cut-off 
scale. 

The new anomaly cancellation conditions are 
highly non-trivial, especially because all fermion 
charges are expected to be commensurate. Nev- 
ertheless, assuming that all quark Yukawa cou- 
plings and all diagonal charged-lepton Yukawa 
couplings to the standard model Higgs doublet 
H are gauge invariant, it is found that the most 
general solution to the anomaly cancellation con- 
ditions when iV = 1 or 3. Only in the = 3 case, 
scenarios consistent with light neutrino masses 
and A at the TeV scale were found. For = 3, 
the charges of all quarks and leptons (including 
right-handed neutrinos) are determined in terms 
of four rational parameters, assumig one of the 
fermion charges is fixed by an appropriate nor- 
malization of the gauge coupling. 

There exist regions in the parameter space that 
fit the neutrino oscillation data. Depending on 
the choice of parameters, the neutrinos can be 
either Dirac or Majorana fermions. In scenarios 
with Majorana neutrinos, the existence of "quasi- 



sterile" neutrinos that mix slightly with the active 
neutrinos and couple to the new Z' gauge boson 
is predicted. These quasi-sterile neutrinos may 
have interesting phenomenological consequences 
for cosmology and oscillation physics. In the case 
of Dirac neutrinos, potentially observable conse- 
quences of the new degrees of freedom are also 
predicted. 

Because the U{l)i, symmetry is spontaneously 
broken at around the weak scale, the Z' gauge 
boson and the particles from the U{l)i, break- 
ing sector will manifest themselves in a variety 
of interesting ways. Z' exchange can mediate 
neutral-fermion flavor violating processes, which 
may be observable in next-generation neutrino os- 
cillation experiments. The new heavy states can 
be discovered in current and upcoming collider 
experiments, enabling the possibility of probing 
the neutrino sector at the collider experiments. 

4. NON-ANOMALOUS U{1)f SYMME- 
TRY in SUSY GUT 

It was claimed ^ that in SUSY GUT mod- 
els, in order to generate realistic fermion masses 
and mixing angles from a U{1)f family symme- 
try, the gauge anomalies can only be cancelled 
by the Green-Schwarz mechanism, and thus the 
U{1)f must be anomalous. However, this is not 
a no-go theorem, and in the model described be- 
low, solutions that satisfy all the gauge anomaly 
cancellation conditions and at the same time ac- 
commodate realistic fermion mass patterns have 
been found to exist. 

4.1. Non-anomalous U{1)f in a SUSY 
SU{5) Model 

In Ref. [21], a non-anomalous U{1)f was pro- 
posed as a family symmetry, in a SUSY SU{5) 
model. There are three anomaly cancellation con- 
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ditions that must be satisfied: the [SU{5)]'^ — U{1) 
mixed anomaly, the t/(l)-gravitation anomaly, 
and the [[/(l)]'^ anomaly. The set of charges 
that satisfy these conditions are given in Table [21 
These charges give rise to the following mass ma- 
trices, 

A3 
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(13) 



(14) 



where A = with being the scalar field that 
breaks the U{1)f family symmetry. For the neu- 
trinos. 
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(15) 



(16) 




leading to the following effective neutrino mass 
matrix. 



(17) 



It is interesting to note that, the non- 
anomalous U{1)f in this model also forbids oper- 
ators that lead to proton decays mediated by the 
color-triplet Higgsinos. 

5. MODEL PREDICTIONS FOR THE 
OSCILLATION PARAMETERS 

In |22| . a comparison of the predictions of 
some sixty-three models was presented. These 
include models based on iS'O(lO), models that uti- 
lize single RH neutrino dominance mechanism, 
and models based on family symmetries such as 
Lf, — — L-r symmetry, S3 symmetry, A4 sym- 
metry, and S0{3) symmetry, as well as models 
based on texture zero assumptions. The predic- 
tions of these models for sin^ ^13 are summarized 
in Fig. [TJ An observation one can draw imme- 
diately is that predictions of SO{10) models are 



larger than 10^'*, and the median value is roughly 
~ 10~^. Furthermore, sin^ < 10~^ can only 
arise in models based on leptonic symmetries. 
However, these models are not as predictive as 
the GUT models, due to the uncertainty in the 
charged lepton mixing matrix. In this case, to 
measure ^13 will require a neutrino superbeam or 
a neutrino factory. In addition to the value of ^13, 
predictions for various LFV charged lepton pro- 
cesses can also be a powerful way to distinguish 
different models [23l. 



Figure 1. Predictions for ^13 from various mod- 
els (221. 
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6. CONCLUSIONS 

We review a few recent models for neutrino 
masses and mixing. We present a successful re- 
cent attempt based on a SU(5) grand unified 
model combined with ^''-'r symmetry, in which 
both the tri-bimaximal neutrino mixing and re- 
alistic CKM mixing matrix are generated. A 
model based on non-anomalous U{1)f in which 
small neutrino masses are generated with new 
physics at the TeV scale has also been shown. We 
also describe a SUSUY SU(5) model with non- 
anoumalous U{1)f for fermion masses. A study 
of existing models indicates that the range of pre- 
dictions for 9i3 is very broad, although there are 
some characteristic model predictions with which 
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more precise experimental measurements may tell 
different models apart. 
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